The mechanisms for how saturated fat and sugar-based beverages contribute to human obesity are poorly understood. This paper describes a series of experiments developed to examine the response of hypothalamic neuropeptides to diets rich in sugar and fat, using three different diets: a high-fat high-sugar (HFHS) choice diet with access to chow, saturated fat and a 30% sugar solution; a high-fat (HF) choice diet with access to chow and saturated fat; or to a high-sugar (HS) choice diet with access to chow and a sugar solution. Method: We first studied caloric intake, body weight gain, hormonal alterations and hypothalamic neuropeptide expression when male Wistar rats were subjected to an HFHS choice, an HF choice or an HS choice diet for 1 week. Next, we studied caloric intake and body weight gain when rats were subjected to the choice diets for 5 weeks. Finally, we measured neuropeptide expression in hepatic vagotomized rats subjected to an HFHS choice, an HF choice or an HS choice diet for 1 week. Results: In rats on an HF choice diet, plasma leptin concentrations and proopiomelanocortin (POMC) mRNA increased and neuropeptide Y (NPY) mRNA decreased. Rats on an HFHS choice diet showed identical plasma leptin concentrations as rats on an HF choice diet. However, NPY mRNA increased and POMC mRNA decreased. An HS choice diet for 1 week did not alter hypothalamic neuropeptide expression or plasma leptin concentrations. As hormonal changes did not explain the differences in hypothalamic neuropeptide expression between rats on the choice diets, we addressed whether neuronal feedback signals mediated the hypothalamic neuropeptide response. The POMC mRNA response to different diets depended on an intact innervation of liver and upper intestinal tract. Conclusion: Our data suggest that the specific combination of saturated fat and a 30% sugar solution results in hyperphagiainduced obesity and alters hypothalamic neuropeptide expression, and that the response of the melanocortin system is mediated by the hepatic vagus.
Introduction
A variety of high-fat and/or high-sugar diets are used to study diet-induced obesity in rodents. When exposed to a commercially made high-fat or high-energy diet, rodents initially overconsume, but compensate for the body weight gain by decreasing caloric intake. 1, 2 The hypothalamus is an important brain area for feeding regulation. A number of studies, [3] [4] [5] [6] although not all, 7, 8 have shown that a high-fat diet and/or a high-sucrose diet results in decreased hypothalamic mRNA expression of neuropeptide Y (NPY) and agoutirelated protein (AGRP), and increased mRNA expression of proopiomelanocortin (POMC). These hypothalamic neuropeptide changes are part of a compensatory mechanism that decreases caloric intake. However, it has also been reported that when offered palatable high-fat and high-sugar foods, in addition to a nutritionally complete chow diet, rats overeat and gain excess weight. [9] [10] [11] Furthermore, we recently showed that when offered a saturated fat and a sugar solution in addition to the complete chow diet (a high-fat/high-sugar (HFHS) choice diet), rats increase food-motivated behavior, promoting hyperphagia. 11 It however remains unclear what happens in the hypothalamus when rats are fed an HFHS choice diet. In this study, we examined the hypothalamic levels of NPY, AGRP and POMC mRNA in rats subjected to an HFHS choice diet. As we observed a hypothalamic neuropeptide expression pattern opposite to that described in other studies, in which commercially made high-energy diets were used, we investigated whether the additional sugar or the additional fat could explain the reported pattern. We added control groups on a diet with saturated fat (high fat (HF) choice diet) or a diet with a sugar solution (HS choice diet) in addition to normal chow. Both insulin and leptin may influence hypothalamic neuropeptide expression through their receptors located on neurons in the hypothalamus. As plasma concentrations of insulin and leptin are increased with obesity, these are candidates for alterations observed in hypothalamic responses when subjected to an HFHS choice diet. In addition, changes in hypothalamic responses to saturated fat and sugar solution may also be mediated through the neural innervation to liver and upper intestinal tract (i.e. through the hepatic vagal (HV) nerve).
12, 13 As we observed differential responses in hypothalamic neuropeptide expression to the diets, we examined hormonal responses and investigated the involvement of neuronal feedback signals in these diet-induced hypothalamic responses.
Materials and methods
Male rats (Wistar, Charles River, Germany) weighing 250 ± 10 g were individually housed in Plexiglas cages in a temperature of about 21-23 1C and light-controlled room (lights on 0700-1900). Rats were allowed to adapt to their environment for 5 days. All experiments were approved by the Committee for Animal Experimentation of the University Medical Center Utrecht, the Netherlands. Experiment 1A: Six groups were established, three experimental groups and three control groups. The experimental groups: (1) an HFHS choice diet group: a dish of saturated fat (Beef tallow (Ossewit/Blanc de Boeuf), Vandemoortele, Belgium) and a bottle of 30% sugar water (1.0 M sucrose mixed from commercial grade sugar and tap water) were present in the cage in addition to their normal standard chow diet (special diet service (SDS), England) and water bottle, (2) an HF choice diet group: a dish of saturated fat was present in the cage in addition to normal standard chow and water bottle and (3) an HS choice diet group: a bottle of 30% sugar water was present in the cage in addition to normal standard chow and water bottle. The control groups remained on ad libitum chow and water. After 7 days, the rats were killed.
Experiment 1B: Similar setup as described above with three experimental groups and three control groups. Caloric intake and body weight were measured daily for the first week, and twice per week thereafter. After 5 weeks, the rats were killed.
Experiment 2: Rats were anesthetized with fentanyl/fluanisone (Hypnorm, Janssen Pharmaceutica, Beerse, Belgium; 0.1 ml per 100 g i.m.) and midazolam (dormicum, HoffmanLa Roche, Mijdrecht, The Netherlands; 0.05 ml per 100 g i.p.). A midline laparotomy was performed. For transection of the common HV branch, the fascia containing the common HV branch was stretched by gently moving the stomach. A myelin-specific dye (Toluidine Blue, Sigma, St Louis, MO, USA) was used to reveal the common hepatic branch as it separates from the left vagal trunk. The stained neural tissue was transected between the ventral vagal trunk and the liver. Small, blue-stained branches running in the fascia between the stomach and the liver were also transected. The blue dye visualizes the nerves to be transected and serves as a good verification, as we previously described.
14 Experiment 2A: Ten days after surgery, half of HV and sham rats were switched to an HFHS choice diet. The rest of the rats were maintained on the chow diet.
Experiment 2B: Nine days after surgery, half of HV and sham rats were switched to an HF choice diet, whereas the other half was maintained on the chow diet.
Experiment 2C: Thirteen days after surgery, half of HV and sham rats were switched to an HS choice diet, whereas the other half was maintained on the chow diet.
Caloric intake and body weight were measured daily. Seven days after switching rats to one of the choice diets, all the rats were killed.
Data analysis
Rats were killed between 0900 and 1000 hours within 10 s after they had been taken from their home cages. Brains were quickly frozen and stored at À80 1C. Individual mesenteric-omental, epididymal, subcutaneous (inguinal) and perirenal white adipose tissues were dissected, cleaned and weighed. Trunk blood was centrifuged and plasma was stored at À20 1C. Plasma concentrations of insulin, leptin and free fatty acids were determined as previously described. 15 In situ hybridization Experiment 1A and 2: Hypothalamic coronal sections (20 mm) were used for radioactive in situ hybridization (raISH). 33P-labeled antisense RNA probes were made for AgRP, NPY and POMC. The raISH was performed as has previously been described . The films were developed and expression of POMC (in the Arc), NPY (in Arc and DMH) and AgRP (in the Arc) was semiquantitatively analyzed using an Epson Perfection 4990 Photo flatbed scanner. All images (1600 dpi) were saved as Tiff files and analyzed using the public domain Java image processing 
Statistical analysis
Two-way analysis of variance (ANOVA) was performed to determine the overall individual effects of each experimental manipulation (the factors) and the interactions between these factors. The factors were 'experiment' (chow-HFHS, chow-HF and chow-HS) and 'diet' (chow-1, HFHS, chow-2, HF and chow-3, HS). For all observed measures, the chow groups were not significantly different from each other (oneway Anova), but every diet was tested against its own control. Post hoc tests were performed to detect individual group differences (Tukey). Differences in body weight change over time between different diet groups were analyzed using a repeated-measures ANOVA and when significant, post hoc tests were performed (Tukey). For the effects of HV on measures in each dietary group, two-way and one-way ANOVAs were used, followed by post hoc tests (Tukey). For the (repeated) ANOVA and post hoc tests, Po0.05 was considered significantly different.
Results
Hyperphagia, obesity and hypothalamic neuropeptide expression with consuming fat and sugar Rats on all three choice diets increased caloric intake in the first week compared with the chow diet groups ( Figure 1 ). Caloric intake in rats on an HFHS choice diet consumed similar amounts of calories compared with rats on an HF choice diet, but consumed significantly more calories compared with rats on an HS choice diet. Caloric intake in HF choice diet rats was not significantly different from calories consumed by rats on an HS choice diet ( Figure 1 , and detailed description of statistics in Supplementary Data S1). In Experiment 1B, caloric intake was measured over a 5-week period ( Figure 2 ). Compared with rats on a chow diet, rats on all choice diets (HFHS, HF or HS) showed significantly higher caloric intake ( Figure 2 ). In rats on an HFHS choice diet, caloric intake was higher over the entire period of 5 weeks compared with rats on a chow diet. Moreover, in rats on an HF choice diet, caloric intake was only higher in the first two weeks on the diet compared with rats on a chow diet. In rats on an HS choice diet, caloric intake was increased during the first week and the fourth week, compared with rats on a chow diet. Repeated ANOVA analysis comparing the caloric intake over time between rats on an HFHS choice diet, on an HF choice diet or on an HS choice diet revealed significant time-diet interaction effects. Post hoc analysis revealed that caloric intake was significantly less in rats on an HF choice diet and in rats on an HS choice diet compared with caloric intake in rats on an HFHS choice diet, whereas caloric intake in rats on an HF choice diet was not significantly different from caloric intake in rats on an HS choice diet ( Figure 2 , Supplementary Data S2).
When switched to the HFHS choice diet or the HS choice diet, rats consumed a stable amount of chow, saturated fat and/or 30% sucrose solution over the total period of the experiment (Figure 3) . When switched to the HF choice diet, rats consumed more saturated fat in the first week compared with weeks 2-5 ( Figure 3) .
Over a period of 5 weeks, rats consuming the HFHS choice diet gained more body weight than the control group (Figure 2) . In contrast, rats on an HF choice diet or on an HS choice diet did not gain more body weight over the 5-week period than rats on a chow diet (Figure 2 ). After 1 week, abdominal fat stores and leptin concentrations in rats on an HFHS choice diet and in rats on an HF choice diet were increased compared with rats on a chow diet ( Figure 1 ). In rats on an HS choice diet, similar abdominal fat mass and plasma leptin concentrations were found compared with those in rats on a chow diet ( Figure 1 ). The abdominal fat mass and plasma leptin concentrations were similar in HFHS choice diet rats as in HF choice diet (and they were significantly higher compared with levels in rats on an HS choice diet) (Figure 1 , Supplementary Data S1). After 5 weeks, fat mass and leptin concentrations in rats on all three choice diets were increased compared with rats on a chow diet, and there were no significant differences between these measures in rats on HFHS-, HF-or HS choice diet (Table 1 , Supplementary Data S3). After 1 week, there was no difference in plasma insulin concentrations between any of the groups (data not shown). After 5 weeks, plasma insulin concentrations were increased in rats on an HS choice diet (chow: 2.2 ± 0.1 ng/ml vs HS: 3.8 ± 0.2 ng/ml; Po0.05) and on an HFHS choice diet (chow: 2.4±0.1 ng/ml vs HFHS: 3.2 ± 0.2 ng/ml; Po0.05) compared with rats on a chow diet. In HF choice diet rats, plasma insulin concentrations were unaltered (chow: 2.4±0.1 ng/ml vs HF: 2.5±0.5 ng/ml).
In summary, rats on an HFHS choice diet and on an HS choice diet showed sustained increases in caloric intake, whereas rats on an HF choice diet reduced caloric intake after 1 week of exposure to the diet. As rats on an HF and on an HFHS choice diet showed similar increases in plasma leptin concentrations and no changes in plasma insulin concentrations after 1-week exposure to the diets, but a differential response in caloric intake after that first week of exposure, we examined alterations in mRNA levels of NPY, AGRP and POMC at 1 week. Interestingly, in the arcuate nucleus (ARC) of HFHS choice diet rats, levels of NPY mRNA were significantly increased, and levels of POMC mRNA were significantly decreased after 1 week on the diet (Figure 4a ). In contrast, in rats on the HF choice diet, levels of NPY mRNA in the ARC were significantly decreased and levels of POMC mRNA tended to be increased (Figure 4b) . Furthermore, in Free-choice diets alter hypothalamus SE la Fleur et al HS choice diet rats, in the ARC, levels of NPY mRNA and POMC mRNA were not changed ( Figure 4c ). As mRNA levels of the control groups did not differ between Experiments 1A, 1B and 1C (ANOVA: F(2,18) ¼ 3, P ¼ 0.2), we compared levels of NPY mRNA and POMC mRNA of rats on an HFHS choice, an HF choice or an HS choice diet. A two-way ANOVA showed a significant interaction effect between experiment (HFHS, HF or HS) and diet (choice diet vs chow diet) (F(2,30) ¼ 6; P ¼ 0.007), indicating a differential response when rats are exposed to an HFHS, an HF, or an HS choice diet. When testing individual groups, we found that levels of NPY mRNA in rats on an HFHS choice diet were significantly higher than in rats on an HF choice (Po0.000) or on an HS choice diet (Po0.05), whereas there was a trend (P ¼ 0.1) that levels of NPY mRNA in rats on an HF choice diet were lower compared with levels in rats on an HS choice diet (Figure 4) . Also, for POMC mRNA, control groups were comparable (ANOVA: F(2,18) ¼ 0.7, P ¼ 0.5), and we detected a significant interaction effect between experiment and diet (F(2,30) ¼ 6; P ¼ 0.007). Post hoc analysis revealed that levels of POMC Figure 1 Caloric intake over 1 week in (a) HFHS, (b) HF and (c) HS choice diet rats. Abdominal fat stores corrected for body weight and plasma leptin concentrations at 1 week of (d, g) HFHS, (e, h) HF and (f, i) HS choice diet. White bars: chow diet, black bars: HFHS choice diet; dark gray bar: HF choice diet; light gray bars: HS choice diet. Data are mean ± s.e.m. As the caloric intake, abdominal fat mass and leptin concentrations in the different control groups did not show significant differences, we compared the caloric intake, fat mass and leptin concentrations of rats on the three different diets using two-way Anova and post hoc. Two-way ANOVA indicated a difference in either experiment, diet or experiment Â diet (Po0.05, see Supplementary Data S1 for more details). Different letters represent significant differences between bars (Po0.05).
Free-choice diets alter hypothalamus SE la Fleur et al mRNA in rats on an HFHS choice diet were significantly lower than those in rats on an HF choice diet (P ¼ 0.004) or on an HS choice diet (P ¼ 0.002). Levels of POMC mRNA were not significantly different between rats on an HF choice diet and rats on an HS choice diet (P ¼ 0.98). Levels of AGRP mRNA in the ARC (Figure 4) or levels of NPY mRNA in the dorsomedial hypothalamic nucleus (data not shown) were not affected by any of the diets. An overview of the results per group is depicted in Supplementary Data S4. Despite the increased plasma leptin concentrations, rats on an HFHS choice diet showed higher levels of NPY mRNA and lower levels of POMC mRNA, a pattern that is also observed in rodents exposed to food restriction. 16 HS choice diet over 1 week or over weeks 2-5 in rats from experiment 1b. Repeated-measures ANOVA for saturated fat intake over time in rats on an HFHS choice diet rats, and HF choice diet rats revealed effects of time (F(1,10) ¼ 9.8;P ¼ 0.011). A paired t-test revealed a significant decrease in fat intake at 2-5 weeks compared with 1 week in rats on an HF choice diet (*P ¼ 0.003), but this was not observed in HFHS choice diet rats (P ¼ 0.15). Data are mean ± s.e.m.
Figure 2 Caloric intake was calculated per week in HFHS choice fed rats (a), HF choice fed rats (b) and in HS choice fed rats (c). Body weight gain is increased in rats on an HFHS choice diet (d), whereas no changes were observed in rats on an HF choice diet (e) or on an HS choice diet (f)
.
Free-choice diets alter hypothalamus SE la Fleur et al
Hepatic vagotomy prevents changes in POMC mRNA in rats on an HF choice diet and on an HFHS choice diet As changes in plasma concentrations of leptin and insulin are not consistent with the alterations in caloric intake and gene expression, we investigated whether neural signals from the liver/gastrointestinal tract are involved in the hypothalamic response to different diets. We exposed hepatic vagotomized rats to a variety of different diets and examined the hypothalamic mRNA levels. In rats on a chow diet, levels of POMC mRNA were not significantly affected by hepatic vagotomy (Figure 5a ). In addition, levels of POMC mRNA in HV rats on an HFHS choice diet did not differ from levels of POMC mRNA levels in HV rats on a chow diet (Figure 5a ). Similar but opposite results were observed for rats on an HF choice diet. In sham rats, an HF choice diet increased the level of POMC mRNA levels, whereas in HV rats this increase was not observed (Figure 5b) . No changes in the levels of POMC mRNA levels were observed for rats on an HS choice diet and HV did not affect expression (Figure 5c ). Thus, an intact HV nerve was essential for the changes in hypothalamic POMC mRNA levels induced by both the HFHS and HF diets. Interestingly, levels of NPY mRNA were not affected by HV in rats on an HFHS choice, on an HF choice or on an HS choice diet (Figure 5d) . In rats on a chow diet, however, hepatic vagotomy increased the levels of NPY mRNA significantly (Figure 5d) . Therefore, the levels of NPY mRNA in rats on an HFHS choice diet were not different compared with the levels of NPY mRNA in HV rats on a chow diet, and the levels of NPY mRNA in rats on an HF choice diet were similar to the levels of NPY mRNA in sham rats on an HF choice diet (Figure 5e ). In rats on an HS choice, no effects of HV were observed (Figure 5f ).
On a chow diet, HV did not affect caloric intake or body weight gain, compared with sham-operated rats (Table 2 ; Supplementary Data S6). In addition, after being switched to an HFHS choice diet, an HF choice diet or an HS choice diet, overall caloric intake, body weight gain, fat mass and plasma leptin concentrations were not different between HV rats and sham rats (Table 2) . Furthermore, HV rats on an HFHS choice diet consumed less saturated fat and more sugar compared with sham rats on an HFHS choice diet (Table 2 ). An overview of the results per group is depicted in Supplementary Table S8 .
Discussion
Hypothalamic NPY activity is increased in rats and mice that are susceptible to diet-induced obesity. 8, 17, 18 However, the Au ¼ arbitrary units. Two-way ANOVA indicated differences. *Shows significant difference between diet group and control group (Po0.05). Different letters represent significant differences between rats on an HFHS choice, an HF choice or an HS choice diet. The small letters depict differences for NPY mRNA expression and capital letters depict differences for POMC mRNA expression.
Free-choice diets alter hypothalamus SE la Fleur et al consumption of a diet with increased fat and/or sugar content often, but not always, results in a decrease in the level of NPY mRNA and an increase in the level of POMC mRNA, to counteract obesity. 3, 4, 19, 20 Consistent with such an adaptive response to hyperphagia and obesity, rats on an HF choice diet not only increased fat mass and plasma leptin concentrations but also decreased the level of NPY mRNA and increased the level of POMC mRNA in the ARC. Rats on an HS choice diet, on the other hand, were slightly hyperphagic, with no changes in plasma leptin concentrations or fat mass over the first week, which is concordant with the lack of response observed in hypothalamic neuropeptides. These rats do, however, develop obesity at a later time point. Indeed, it has been shown that a diet consisting of chow and liquid sucrose ad libitum decreases the level of NPY mRNA after 2 weeks, when plasma leptin concentrations were increased. 21 Surprisingly, rats exposed to an HFHS choice diet did not suppress caloric intake, despite increased fat mass and plasma leptin concentrations. Moreover, we observed a counterintuitive response of the hypothalamus: the levels of NPY mRNA increased and those of POMC mRNA decreased in rats on an HFHS choice diet, mimicking a hunger state. These hypothalamic alterations in HFHS choice diet rats are in contrast to several papers in which rats are fed a diet with added fat and sugar. [4] [5] [6] In this study, the HFHS choice diet is a combination of a chow pellet, a solid fat paste and liquid sugar. Thus, the differences in findings between our study and others 4-6 may be due to any of the following: the introduction of a liquid component, the presence of both fat and sugar or the fact that rats have multiple choices to feed from could have contributed to the differential hypothalamic response between rats on an HF choice and an HFHS choice diet. However, as adding a liquid product such as Ensure (containing saturated fat and a small amount of sugar) to a high-energy diet does not alter hypothalamic gene expression, 19 it is unlikely that the presence of the sugar solution contributed to the changes observed. Moreover, several of the high-energy diets that do trigger counter-regulatory hypothalamic responses 3, 22, 23 contain as much sugar and fat as rats choose to eat on an HFHS choice diet. Therefore, it is likely that the multiplechoice element in our diet is the major contributor to the hypothalamic response and the hyperphagia. Interestingly, the persistent hyperphagia and excessive weight gain observed in HFHS choice diet rats, over the 5-week period of the experiment, is in agreement with data for rats Free-choice diets alter hypothalamus SE la Fleur et al fed cookies, pie/cake or chocolate in addition to nutritionally balanced chow, 9, 10 and it has been shown that aMSH peptide content (derived from POMC) was reduced in 'pie/cake'-fed rats. 5 Rats on an HF choice diet and an HFHS choice diet show opposite hypothalamic alterations (at 1 week), whereas over the first week they consume isocalorically and the diets result in equal increases in fat mass and plasma leptin concentrations (measured at 1 week). Thus, the hypothalamic alterations are not explained by the adiposity itself. The response of the hypothalamus is also not explained by the sugar consumption, because HS choice diet rats do not show changes in hypothalamic neuropeptide expression. Thus, the combination of saturated fat and sugar, in addition to chow, specifically results in altered hypothalamic neuropeptide expression and overt obesity with persistent hyperphagia.
Interestingly, we did not observe any changes in levels of AGRP mRNA when rats were subjected to an HFHS-, an HF or an HS choice diet. AGRP is known to respond to leptin or fasting in a similar manner as has been described for NPY, and both neuropeptides colocalize in neurons of the ARC. 24 Several reports have shown that, similar to NPY mRNA, AGRP mRNA expression decreases when rodents are subjected to a diet with increased saturated fat and/or sugar. 3, 25 This disconnection between the NPY mRNA and AGRP mRNA response could, however, be associated with the choice element of our diet, because all other diets that resulted in changes in AGRP consisted of pellets with added amounts of fat and sugar. More research, however, is needed to confirm this.
Both leptin and insulin are known to affect hypothalamic neuropeptide expression. 26 However, in rats on an HFHS choice diet and in rats on an HF choice diet, plasma concentrations of leptin and insulin were similar, whereas the NPY and POMC mRNA responses were opposite. Therefore, additional factors are involved in these changes in the brain. Previously, we showed that the hepatic vagus, especially the afferent branch, mediates the feeding response to a high-fat diet in diabetic rats. 27 Furthermore, we showed that in diabetic rats, the hepatic vagus mediates diet-induced changes in expression of POMC and NPY mRNA. 12, 13 These findings suggest that, at least in diabetic rats, the afferent neural input from the liver/intestine contributes to the response of the melanocortin and NPY system to a fat diet. Indeed, the alterations in POMC mRNA levels owing to HF or HFHS choice diets are prevented by hepatic vagotomy; however, alterations in NPY mRNA levels when fed HF or HFHS choice diets were not. The finding that the dietinduced changes in expression of POMC mRNA levels were prevented by hepatic vagotomy is consistent with the results observed in diabetic rats. 13 This suggests that saturated fat, in the liver or in the upper intestinal tract, activates hepatic afferents, which results in altered expression of POMC mRNA in the ARC. The POMC mRNA response in rats on an HFHS choice diet or on an HF choice diet, however, is opposite. We, therefore, hypothesize that before this signal, mediated by vagal afferents, reaches the ARC, integration occurs with other signals related to food intake and energy balance (such as sugar intake). There is evidence that POMC neurons of the nucleus of the solitary tract (NTS) are activated by incoming afferents from liver and gastrointestinal tract; 28 however, whether the NTS is the location where integration takes place remains to be investigated. It has been postulated that the hepatic vagus has an inhibitory role on feeding behavior, and thus hepatic vagotomy would result in hyperphagia. We, and others, 29 observed an increase in levels of NPY mRNA in the ARC under a normal chow diet, which would support hyperphagia. However, hepatic vagotomized rats (on any of the diets) eat as much as control rats do, which concurs with previous reports. 30, 31 This lack of effect on caloric intake might be due to compensatory mechanisms. Concordant with this assumption, hepatic vagotomy increases meal size, but decreases meal frequency (Supplementary Data S6). This compensatory decrease in meal frequency is also observed for peptides that act through the vagus to influence meal size, such as cholecystokinin, which increases meal size and reduces meal frequency. 32 Interestingly, when switched to the HFHS choice diet, HV rats showed less saturated fat intake and more sugar intake compared with the sham rats on an HFHS choice diet. Furthermore, the levels of POMC mRNA were also different between sham and HV rats on an HFHS choice diet. As melanocortins affect the preference for fat intake, 33 ,34 the effect on saturated fat intake in HV rats on an HFHS choice diet may be explained by the observed changes in the level of POMC mRNA. In addition, the alterations in POMC mRNA expression in HV rats were not associated with overall feeding behavior in HFHS choice diet rats, whereas the alterations in NPY mRNA expression were associated with observed feeding behavior. Thus, in rats on an HFHS choice diet, the increased caloric intake might be due to increased levels of NPY mRNA, rather than to the decreased levels of POMC mRNA. In summary, the specific combination of saturated fat and a 30% sugar solution, but not either of those components alone, resulted in hyperphagia-induced obesity and altered hypothalamic neuropeptide expression. The response of the melanocortin system was mediated by the hepatic vagus.
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